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Structure and dynamics of ionic borate glasses
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The structural and dynamic properties of ionic borate glasses with composition xM,0—(1-x)B,0; (M=Li, Cs) are revisited
in view of recent results of molecular dynamics simulations. Simulations were carried out in collections of ~512 atoms
in the canonical ensemble for compositions 0-20<x<0-50 and temperatures 300, 600 and 1250 K. The short range order
structure of these glasses was found to depend on temperature and on the alkali oxide modifier content, as well as on the
nature of the alkali ion. The structural trends resulted from simulations are compared with those derived from different
experimental technigues. At the nanoscale size, it was possible to distinguish long lived and well distinguished network
sites hosting alkali metal ions. The distribution of cations in the glassy network was found to be inhomogeneous and
consistent with the predictions of the modified random network model. Cation dynamics were evaluated in both short
and long time scales. In particular, the vibrational properties of cations were found to depend strongly on the nature
of their hosting sites, whereas their diffusivity is facilitated by the presence of nonbridging oxygen (NBO) atoms. The
detailed analysis of the ion transport mechanism revealed discrete hopping of ions mostly between similar neighbouring
sites. The calculated cluster size distribution curves for cations and NBO atoms were found to obey the predictions of
percolation theory. The formation of percolating clusters above a certain composition threshold supports strongly the

existence of a percolating diffusion mechanism for ionic borate glasses.

Ihtroduction

Ionic borate glasses are characterised by the con-
tinuous non-monotonic variation of their structural,
dynamic and macroscopic properties with increasing
the modifier oxide content. This phenomenon, known
as the “borate anomaly” effect, has been the subject of
numerous investigations.!’ The detailed knowledge
of the dependence of their structural and dynamic
aspects on composition is highly desirable in order
to correlate them with their macroscopic properties.
The establishment of such correlations is of great
importance since these materials have potential ap-
plications in electrochemical devices.”

The structural properties of ionic borate glasses
have been extensively investigated over the years.
Early experimental studies including infrared,®
NMR*#® and Raman? investigations concluded that
the structure of vitreous B,O; consists of neutral B&;
triangles found in random configurations and in B;Os
boroxol ring formations (& denotes an oxygen atom
bridging two boron centres). Addition of alkali oxide
content to vitreous B,O; results in the progressive
transformation of borate triangles into charged tetra-
hedral entities, B&J,".¢" It was further suggested that
in alkali borate glasses, xM,0O—(1-x)B,O; (M=alkali
ion), for compositions with x<0-30 the fraction N,
of tetrahedral units follows the N&=x/(1-x) law.*®
For higher compositions, there is the progressive
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depolymerisation of the borate network by the forma-
tion of charged triangles with nonbridging oxygen
(NBO) atoms, like metaborate, BJ,0", pyroborate,
BJO,*, and orthoborate, BO;* triangles.

Despite the fact that the aforementioned structural
mechanisms in ionic borate glasses are widely ac-
cepted, thus providing the basis for the explanation
of the “borate anomaly”, the dependence of the short
range order (SRO) structure on the nature of the
modifier ion is still a controversial issue. On one hand,
early NMR studies concluded that the SRO structure
has no dependence on the alkali type®® while on the
other, a plethora of early experimental measurements
including viscosity,® absorption edge® optical basic-
ity, 1% glass transition temperature, thermal expan-
sion coefficient,"*'? as well as sound velocity and
elastic constant measurements®*™ showed the clear
dependence of the SRO structure on the nature of the
alkali modifier. Along the same lines, spectroscopic
investigations employing "B NMR,"® Raman,"” in-
frared,"® DAS NMR" and neutron scattering, as well
as molecular dynamics simulations® > provided also
to the dependence of the SRO structure on the type of
the alkali ion. The controversy is still going on, since
recent "B MAS-NMR investigations concluded that
the type of alkali metal does not affect the network
structure,®® thus leaving this issue open for further
investigations.

Besides the SRO network structure, an equally
important structural aspect is the identification of
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the local structures hosting the metal cations and
the knowledge of cation site interactions in borate
glasses. Early ideas, based on the continuous ran-
dom network model proposed by Zachariasen®
and applied to alkali silicate glasses by Warren &
Biscoe, ¥ suggested the homogeneous distribution
of alkali metal ions in voids or sites of the silicate
network. On the contrary, on the basis of EXAFS
studies in sodium silicate glasses, Greaves proposed
the inhomogeneous distribution of metal jons in the
silicate network, i.e. the so-called modified random
network model.*”

In ionic borate glasses, early studies suggested that
metal ions are not homogeneously distributed in the
glassy network.®*® Further evidence for structural
inhomogeneity at the nanoscale size was provided
by far infrared spectroscopy since vibrations of metal
ions in their hosting sites are active in the far infrared
region.®* In borate glasses, as well as in most ionic
glasses, the asymmetric far infrared profiles showed
the existence of at least two distinct environments
of cation hosting sites.®”*" The so-called “two site”
model has been initially attributed to the ability of the
borate network to provide cation hosting sites with
variable charge density and coordination number.®”
In a different viewpoint, however, the far infrared
absorption of sodium borate glasses was assigned to
vibrational modes of Na ions in a single type of host-
ing sites.“? Differently again, Wright and coworkers
concluded that the rigidity of borate superstructural
units along with the lack of periodicity in the glass
structure should lead normally to a considerable vari-
ation of cation hosting sites in terms of site distortion
and coordination numbers.“”

Itis clear from the aforementioned discussion that
the microstructure of borate glasses and the nature
and distribution of metal ion hosting sites as well as
their spatial distribution constitute an issue of open
discussion. At the same time, this information is
particularly valuable towards a better understanding
of transport properties in ionic glassy materials. In
fact, different models for ionic transport in glasses
proposed so far involve, in general, the nature and
distribution of metal ion hosting sites. For example,
theoretical studies of the ionic conductivity mecha-
nism were based on the existence of distinct cation
sites and preferred pathways for ion transport,“?
microsegregation of cations in channels suitable for
ion migration,® or cation site memory effects.“”
Moreover, recent approaches of the ion transport
mechanism in single®*® or mixed“” alkali glasses
invoked the ‘two site’ model.

In the present manuscript we review recent results
of molecular dynamics simulations in Li- and Cs-
containing borate glasses. Emphasis is given on the
dependence of the SRO structure on the composition,
temperature and nature of the metal ion and the
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Figure 1. Distribution function of O-B~O angles for glass
0-3Li,0.0-7B,0; at T=300 K

results are compared with experimental NMR and
infrared findings. Then the microstructure of the
metal ion hosting sites is investigated according to the
type of structural borate unit with which they interact
primarily. Moreover, we explore the possibility to
distinguish different types of cations according to the
particular environment in which they predominantly
reside. This information is further elaborated to cal-
culate the dynamic responses of ions in both the short
and long time regime. Finally, we report also on the
ionic conductivity mechanism based on the spatial
distribution of cations in the glassy network and on
their dynamical responses. The results are discussed
in the framework of existing experimental or theoreti-
cal dynamic studies of ionic borate glasses.

Computational details

Molecular dynamics simulations were performed for
xM,O~(1-x)B,O;s glasses, with x=0-2-0-6 for M=Li and
x=0-2-0-4 for M=Cs, and temperatures 300 K and 1250
K. Structures consisting of ~256 atoms (M=Li) and
~512 atoms (M=Cs) in a primitive cubic cell have been
generated. For each composition, we used appropri-
ate speciation of atoms whereas the lattice constant
of the cubic cell was determined from experimental
density data, as reported in detail in Ref. 50. The inter-
action potential was of the usual Born-Mayer-Hug-
gins form augmented by an additional three-body
harmonic interaction term for the O-B-O angles. We
have employed the potential form and the values of
the relevant parameters reported previously,®’ where
a partial screening of the electrostatic charges for B

420 Physics and Chemistry of Glasses: European Journal of Glass Science and Technology Part B Volume 47 Number 4 August 2006



PROC. FIFTH INT. CONE ON BORATE GLASSES, CRYSTALS AND MELTS

and O atoms was found necessary for reproduction
of experimental infrared and Raman spectra.

The simulations were carried out in the canoni-
cal ensemble with periodic boundary conditions,
while long range Coulomb forces were handled by
employing the Ewald summation method.®? A fifth
order Gear predictor—corrector integrator with a time
step of 0-96 fs was used and the randomly generated
melts at ~6000 K were quenched to the final tempera-
ture in five cooling cycles. Each cycle consisted of a
fast cooling step of about 2 ps and an equilibration
period of about 10 ps. The equilibration period in
the final cooling cycle was 30 ps, whereas positions
and velocities of each particle were accumulated for
a final period of more than 180 ps in order to get reli-
able statistics for the diffusive ionic motion. Further
details of the computational method can be found in
Refs. 23, 50, 53.

Results and discussion

Short range order structure of Li- and Cs-
containing borate glasses

The detailed mapping of the short range order struc-
ture of the glasses was determined by examining the
B-O radial distribution functions, gso(R), at each
glass composition and temperature investigated.
Integration of these functions provides directly
the average boron-oxygen coordination numbers,
<B(O)>, from which it is possible to determine the
molar fractions of the borate polyhedra. In doing
so, we first examined the O-B-O angle distribution
functions, a typical example of which is reported in
Figure 1, for the 0-3Li,O-B,O, composition at T=300
K. As shown, these functions exhibit two sharp peaks
at ~109-5° and 120° which are characteristic for the
presence of tetrahedral and triangular borate units. It
is also underlined that the profiles of these functions
remain unaffected for each composition and tem-
perature studied suggesting that borate tetrahedral
and triangles constitute the only structural entities
encountered in the present simulated glasses.

In order to quantify the SRO network structure,
the molar fractions of tetrahedral borate units, X,,
were determined from the integration of the gg o(R)
functions by the expression X,=<B(0)>-3. The results
are depicted in Figure 2 for T=300 and 1250 K and
compared with the theoretical curve x/(1-x) and
existing room temperature NMR data for Cs-"** and
Li-borate glasses."® As seen, simulated X, values are
systematically lower than the experimental ones. This
effect is attributed to the higher quenching rates of
simulated glasses which result in the enhancement of
the molar fractions of triangular units with nonbridg-
ing oxygen (NBO) atoms and, consequently, in lower
X, values.®*** Inspection of Figure 2 shows that for
the x=0-2 composition, room temperature simulated
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Figure 2. Molar fraction of BQ," tetrahedral units, X,, in
simulated Cs- and Li-borate glasses as a function of com-
position and temperature. Experimental room temperature
NMR data reported for Li-"® and Cs-borate glasses"**”
are also included. The x/(1-x) curve gives the X, value
if B, tetrahedra are the only charged units existing in
borate glasses

X, values for Li- and Cs-borates are practically the
same and present the smallest deviation from both
NMR data and the theoretical x/(1-x) value. This find-
ing indicates that the effect of the cooling rate on the
SRO structure becomes less pronounced whenever
the fraction of NBO-containing units is small. This is
in close agreement with a recent temperature Raman
study of K-borate glasses which demonstrated that
the Raman profiles of the x=0-3 glass/melt are much
more sensitive to temperature changes than those of
the x=0-2 glass/melt.®®

For compositions with x=0-3, simulated X, values
for Cs-borates are significantly lower than those for
Li-containing glasses with the same alkali oxide
content. This trend is consistent with the NMR data
of Ref. 16 and is in contrast with those of Ref. 24. It
is noted that differences in NMR data through the
years have been attributed recently to variations in
the quenching rates employed in different studies.”
Within this context, it is underlined that the present
simulations for Li and Cs-borate glasses were carried
out under the same cooling procedure and, thus,
whatever similarities (i.e. for x=0-2) or differences
(for x20-3) were observed in the network structure
between the two simulated glass systems cannot be
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Figure 3. Molar fractions of B&,O", X, and BJO,”, X,
units in simulated Cs- and Li-borate glasses as a function
of alkali content and temperature

attributed to cooling rate variations.

Deviations of X, values from the theoretical value
x/(1-x) indicate the presence of charged triangular
borate units with NBO atoms. In order to determine
their molar fraction, an oxygen atom was identified
as nonbridging if no other boron atom was found in
its vicinity within the first minimum of the B-O radial
distribution curve. This minimum at ~2 A was found
to be independent of temperature and composition.
This procedure provides the total number of NBO
atoms, while the number of NBO atoms per charged
triangular entity can be determined by their average
charge evaluated from the integration of the first peak
of the corresponding NBO-NBO correlation function,
which gives the average number of NBOs seen by an
NBO atom on the same unit.*® The calculated molar
fractions X, and X; for charged triangular borate

units with one, B@,0", or two NBO atoms, B&O,*,

respectively, are reported in Figure 3 for Li- and
Cs-borate glasses at =300 and 1250 K. As expected,
for x=0-2 both systems have similar values while for
higher compositions X, and X, are systematically
enhanced in Cs-containing glasses.

The results reported in Figures 2 and 3 clearly
show that the SRO structure depends on the tempera-
ture as well. In particular, for x=0-2, the temperature
increase results in the transformation of BJ, tetra-
hedral into charged BQ,O™ triangular entities. Such

(@

(b)
Figure4. Simulated structures for Li hosting sites at T=300
K for the 0-3Li,0.0-7B,0; glass: (a) b-type site, and (b)
nb-type site. Distances between Li ions and oxygen atoms
in the first coordination shell within a radius of 3 A are
included. By and B; denote fourfold and threefold coordi-
nated boron atoms while BO and NBO denote bridging
and nonbridging oxygen atoms, respectively

a transformation can be fully described by invoking
the following isomerisation reaction

BY, < BJ,O ey

which shifts to the right with increasing temperature.
This finding is fully consistent with the results of
statistical mechanical calculations®” and of spec-
troscopic NMR,®** infrared,*” x-ray diffraction®
and Raman® investigations which showed that the
NBO-containing triangular units of modified borate
glasses are favoured at high temperatures at the
expense of BJ, tetrahedra.

For compositions higher than x=0-2, increasing
temperature results in the conversion of BJ,” tetrahe-
dra into B&,0™ and BAO,” units. The transformation
into B, units is described with Equation (1) while
the creation of BJO,* units may result from the fol-
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Figure 5. Molar fractions of Li metal ions in b-type, Li,
nb-type, Li®, and mixed type, Li", environments. For
details see text

lowing disproportionation reaction
2B, © BYO,” + BY, (2)

which was invoked in previous infrared investiga-
tions of magnesium borate glasses.®"

Microstructure of metal ion hosting sites

Cation hosting sites are formed by oxygen atoms
provided by the borate structural units. In order to
maintain charge neutrality, metal ions are expected to
be found in the vicinity of negatively charged units.
As previously described, in the simulated glasses
under investigation the charged structural moieties
can be either borate triangles with NBO atoms or
tetrahedra where all oxygen atoms are bridging.
This classification provides a suitable criterion to
distinguish metal ions sites according to the nature
of oxygen atoms participating in their formation. It
is noted that besides charged borate units, neutral
borate triangles will be involved in the formation of
cation hosting sites, as well. Analysis of the results
showed that for all simulated glasses it is possible
to distinguish long lived and well defined distinct
sites in the borate network. In particular, there are
sites formed exclusively by bridging oxygen atoms
of BJ,” and BJ; units, designated as bridging type
- sites (b-type), and sites consisting of NBO atoms of
B@,0™ or BJO,” units and bridging oxygen atoms
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Figure 6. Comparison of the: (a) total M-O pair radial
distribution functions, and (b) Li"®~O and Li*~O partial
radial distribution functions, for simulated glasses with
composition 0-3M,0.0-7B,0; at T=300 K (M=Li, Cs)

of neutral BJ; entities, denoted as nonbridging type
sites (nb-type).®**¥ Typical snapshots of b-type and
nb-type hosting sites are depicted in Figure 4 in the
case of the 0-3Li20-0-7B,0; glass at room tempera-
ture. The existence of different cation hosting sites
implies the occurrence of structural heterogeneities
at the nanoscale length in borate glasses.

Within this distinction, metal ions can be distin-
guished as M® or M™ if they predominantly reside
(for more than 75% of the total simulation time) into
b-type or nb-type sites, respectively. Ions that do not
fulfil this criterion are classified as mixed type ions,
M™. Representative molar fractions of Li®, Li® and
Li™ ions are presented in Figure 5 for T=300 and 1250
K.®? It is clear that the population of Li*® increases
with increasing the Li,O content and the temperature
for x=0-4 and 0-5. These changes are fully consist-
ent with the increased number of NBO atoms with
composition and temperature. Similar effects were
also found in the case of simulated Cs-containing
borate glasses.” It was also found that the rate of
increase of M™ jons as a function of composition is
systematically higher than the one of the total number
of NBO atoms, suggesting that each NBO atom can
be coordinated to more than one metal ions. A similar
effect was observed in molecular dynamics simula-
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tions of sodium silicate glasses.®**® The implications
of this finding will be discussed in the forthcoming
sections.

The classification of metal ions into M® and M™
allows further evaluation of differences in the metal
ion—oxygen bonding characteristics in b- and nb-
type of sites. This is effected by the calculation of
the relevant pair radial distribution functions Li"*(O)
and Li"(O) which are depicted in Figure 6 for the
0-3Li,0-0-7B,O; glass at room temperature along with
the total alkali metal-oxygen pair radial distribution
functions gu-ofR) for both types of ions under same
composition and temperature. As shown, the total
guo(R) functions reach their maximum at 3-25 A
for M=Cs and at 2:12 A for M=Li suggesting that the
average metal ion-oxygen coordination is higher for
Cs ions, in agreement with the size difference of Cs
and Li ions. On the other hand, the Li™-O function
peaks at~1-92 A and is better defined than the partial
L®-O function which peaks at 212 A. Integration
of these partial distribution functions provides the
coordination numbers of oxygen around Li" and
Li® ions, which were found to be about 55 and 8,
respectively. This difference shows that nb-type sites
are more organised and better defined compared
to b-type sites.®*® Similar trends were found to be
valid also in Cs-containing glasses, with Cs™ and Cs"
coordination numbers being equal to ~9-2 and 11-6,
respectively. In this case the partial Cs™-O and Cs*-O
radial distribution functions, although differing in
their profiles, show their first peak at approximately
the same position as the total Cs-O RDE.®

Short- and long-time dynamics of metal ions

The classification of metal ions into b- and nb-types,
based on different structural characteristics encoun-
tered in their hosting sites, is expected to be reflected
in distinct dynamic responses in both the short- and
long-time regime. To this aim, short-time dynamics
were further explored by considering the vibrational
properties of metal ions as derived by the velocity
autocorrelation function, ®(t)

N
()= (1 35,)-5,0) ®)
=1

where U(t) is the velocity of metal ion j at time t and N
is the total number of metal ions. Previous molecular
dynamics studies showed that the vibrational density
of states (VDOS) can be obtained through the Fourier
transform of ®(t).?"*¥ Following this procedure, we
calculated separately the ®(w) power spectra for
M and MP metal ions. The results for the power
spectra in the 0-3Li,0-0-7B,0; and 0-4Cs,0-0-6B,0;
glasses are reported in Figures 7 and 8, respectively,
and compared with the corresponding far infra-

Infrared Absorption (arb. units)
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Figure 7. (a) Experimental far infrared spectrum of the
0-3Li,0.0-7B,0; glass deconvoluted into Gaussian compo-
nents (denoted by L and H). (b) Calculated power spectra
of Li ions residing in bridging-type (Li") and nonbridging-
type (Li™) sites in the simulated 0-3Li,0.0-7B,0; glass
at T=300K. A linear combination of the power spectra is
compared with the experimental far infrared spectrum of
the same composition

red experimental profiles of 0-3Li,0-0-7B,0O; and
0-33Cs,0-0-67B,0; glasses.

As seen, the responses associated with M™ and
MP ions lie in the far infrared range and are quite
broad. The important result is that power spectra of
M™ and M" cations are clearly separated, with the
spectral weight of M™ ions being always transferred
at higher frequency values. Moreover, there is a
close correspondence between the simulated power
spectra and the H and L Gaussian component bands
into which the experimental far infrared absorption
coefficient profiles were deconvoluted.®*® Thus,
the molecular dynamics results strongly support the
“two-site” model and provide for the first time the
microscopic origin of the H and L component bands.
Specifically, the H component band originates mostly
from vibrations of ions in nb-type sites, whereas
vibrations of cations in b-type sites contribute mostly
to the intensity of the L component. It is noted that
these results are also consistent with earlier proposi-
tions which attributed the origin of band H to M-O
vibrations in sites of smaller coordination number
and larger charge density compared to the sites
contributing to the L component band.®**”

In the long-time regime, the dynamic properties
of ions were investigated at T=1250 K. This is due to
the fact that at room temperature hopping events
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Figure 8. (a) Experimental far infrared profile of the
0-33Cs,0.0-67B,0; glass deconvoluted into Gaussian
components (denoted by L and H) originating from Cs—O
vibrations in different local environments. The third com-
ponent band at ~180 cm™ was attributed®® to vibration
modes of disconnected segments of the borate network.
(b) Calculated power spectra of Cs ions in bridging-type
(Cs") and nonbridging-type (Cs™) sites in the simulated
0-4Cs,0.0-6B,0; glass at T=300 K. A linear combination
of the power spectra is compared with the experimental far
infrared spectrum of the 0-33Cs,0.0-67B,0; glass

are rare, and extremely long computational times
would be required in order to get reliable results.
The relevant quantity that represents the diffusive
properties of metal ions is the mean square displace-
ment (MSD) function, <r*(f)>. Typical MSD curves for
compositions 0-3Li,0-0-7B,0; and 0-3Cs,0-0-7B,0;
are plotted in Figure 9 and include the responses of
all metal ions as well as of b-type and nb-type ions. It
isnoted that the corresponding curves for boron and
oxygen atoms at 1250 K have no detectable slopes,
suggesting that only metal ions contribute to the
diffusive properties of glasses. Though the plots in
Figure 9 are on a linear scale for reasons of clarity, it
was found®” that, in the log-log representation, the
MSD curves exhibit the three typical time regimes
described for instance by Funke,® i.e. the short,
dispersive and long time regimes. As shown in Figure
9, nb-type cations are significantly more mobile than
b-type ions suggesting that the diffusion process is
mostly NBO-assisted. Such a statement appears to
contradict physical intuition since the interaction of
metal ions with NBO atoms is stronger than that with
tetrahedral B, units (where the negative charged is

200} 0.3Li,0-0.7B,0, L™ e
T=1250 K
150
100
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N,\
<
5 0
%) 0.3Cs,0-0.7B,0, Cs™
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Figure 9. Mean square displacements of Li and Cs ions at
T=1250 K in 0-3Li,0.0-7B,0; and 0-Cs,0.0-7B,0; glasses.
Liand Cs denote the average behaviour of all corresponding
ions while M? and M™ indicate MSD curves of alkali ions
in b- and nb-type sites, respectively

delocalised) and one should therefore expect their dif-
fusivity to be lower. This paradox can be resolved by
invoking two different arguments: one is the greater
free volume available around NBO-containing units
with respect to the more compact space around borate
tetrahedra, and the second is the tendency of NBO
atoms to aggregate. This latter argument, which will
be considered explicitly below, originates from the
fact that the <NBO-NBO> coordination numbers
were found to be higher than one for all compositions
studied.®* This tendency towards NBO aggregation
results in the overall lowering of the intervening
energy barrier as seen in previous model calcula-
tions.® The finding that M™ jons are more mobile is
consistent with experimental optical basicity®*® and
ion exchange studies® which showed that nb-type
of sites facilitate metal ion transport more effectively
than the b-type sites.

lonic conductivity mechanism in ionic borates

In order to address the mechanism of ionic transport
in ionic borate glasses we first calculated the self-van
Hove (SVH) correlation functions G4(r,t) given by the
expression

6.(7.0) =~ (87 - -7 (0] @

where the average is extended over all N particles
and time origins. The SVH functions represent the
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Figure 10. Self van Hove correlation functions for (a) Li"
and (b) L ions in 0-3Li,0.0-7B,0; glass at T=1250 K and
times 0-048, 0-096, 0-29, 0-82, 3-87, 7-74, 19-35 and 30-96
ps, in ascending order from the up left to the bottom right
curve. The loci of maxima for random walk diffusion are
represented by dotted curves

probability of finding a single particle at a position r
at time £, given that it was at the position r=0 at time
t=0. These functions were calculated separately for
M’ and M™ ions and typical examples are plotted
in Figure 10 for the 0-3Li,0-0-7B,0; composition
at T=1250 K. In the same figure, the loci of maxima
of Gaussian SVH curves corresponding to an ideal
random walk motion have been also included.”®
Inspection of Figure 10 shows that for both types of
ions and for most times the position of the maxima
of their SVH correlation curves lags behind the cor-
responding Gaussian SVH functions suggesting that
the diffusion mechanism differs from the random
walk motion. Instead, this time lag signifies the
occurrence of structural arrests between successive
hopping of ions which is consistent with a jump dif-
fusion mechanism.

It is also interesting to investigate the paths fol-
lowed by individual cations in their diffusive motion
through the glassy network. This information can be
obtained from the distinct van-Hove (DVH) correla-
tion functions G«(r,t), expressed as

aNp

22 (8- @+ 0]) @

a i=l j=1

G(jal3 (}_;s t) =T

where a and 8 denote either M™ or MP cations. The
DVH functions is the probability to find an ion at time
tat a distance r from the position occupied by another
ion at 0. The terms for a=p or a#f correspond to
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Figure 11. Distinct van Hove correlation functions for
hopping processes into similar sites in 0-3Li,0.0-7B,0;
glass at T=1250 K and selected times in ps: (a) Li - L#,
and (b) Li" — Li®

hopping of cations into similar or dissimilar sites,
respectively. Typical plots of DVH curves are depicted
in Figure 11 for jumps between similar sites for Li°
and Li™ ions for the 0-3Li,0-0-7B,0; composition at
T=1250 K. It is evident that in both cases the initial
profile at =0 relaxes very fast and the intensity is
progressively building up near the origin. This find-
ing shows that cations diffuse by hopping to empty
sites occupied previously by ions of the same type
suggesting that sites retain their identity for a certain
time, as pointed out in terms of a unified theory for
ion migration in glasses.*? The probability to have
hopping events between dissimilar sites is depicted in
Figure 12 with the DVH curves for a#B derived for the
0-3Li,0~0-7B,O, composition at T=1250 K. Inspection
of Figure 12 shows that there is a substantial probabil-
ity for Li* ions to hop into the nb-type of sites, whereas -
the inverse process has negligible probability. Such
a difference can be traced to both topological and
energetic arguments. On one hand, the tendency of
NBO atoms to aggregate facilitates the migration
of M™ ions to similar rather than to dissimilar sites
while on the other, aggregation results in the lower
potential energy of metal ions in these sites.”” Thus,
the hopping process from a higher energetically state
(b-type site) to a state of lower energy (nb-type site)
is more probable than the inverse process.

Due to the important role of NBO atoms in the ion
migration process, we further considered their spatial
distribution in the glassy network. To this aim, we
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Figure 12. Distinct van Hove correlation functions for
hopping processes into dissimilar sites in 0-3Li,0.0-7B,0,
glass at T=1250 K and selected times in ps: (a) Li" — Li™,

and (b) Li® - L’

counted the clusters formed either by NBO atoms
or metal ions of size s, i.e. the number of particles in
the particular cluster.”® The calculated time averaged
cluster size distribution curves are plotted in Figure
13 for Li-containing glasses.”” Curves for low con-
centrations (x=0-2 and 0-3) are in a semi-logarithmic
plot whereas for x>0-3 curves are depicted in a double
logarithmic plot. Similar results were obtained for
metal ions in both glassy systems investigated. These
results provide a clear evidence for the existence
of structural inhomogeneities at the nanoscale size
and, since metal ions are found in the vicinity of
NBO atoms, of NBO/metal rich regions in the glassy
network. This structural picture is in full agreement
with the modified random network model developed
by Greaves.” Furthermore, the results reported in
Figure 13 indicate that the cluster size distribution
curves follow to a very good approximation an
exponential law for x=0-2 and x=0-3 while they obey
a power law at higher concentrations. These distinct
behaviours behaviors are explained in the framework
of standard percolation theory,” which predicts that
the cluster size distribution curves exhibit different
behaviors according to whether the system is below
or above the percolation threshold. On these grounds,
the present results suggest that the ionic transport
mechanism in alkali borate glasses is of percolative
nature. The existence of percolating clusters above
the percolation threshold is also inferred from the
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Figure 13. Time averaged distributions curves of clusters of
NBO atoms with size s, <N;N%>, in Li-borates as a function
of cluster size (s) for (a) x=0-2, 0-3 in a semi-logarithmic
scale, (b) x=0-4, 0-5, and (c) x=0-6 in a log—log plot. The
corresponding curves for the percolating clusters are also
included

very pronounced peak in the large size region which
characterises the cluster size distribution curves.
These peaks coincide perfectly with the distribu-
tions of percolating NBO clusters that have been
independently calculated and superimposed on the
same figure. Further analysis of the results showed
that the percolation threshold can be placed between
x=0-3 and 0-4 for Li-borate glasses and between x=0-2
and 0-3 for Cs-borates.” This difference is due to the
increased population of NBO atoms in Cs-containing
glasses, as earlier discussed. It is noted also that the
estimation of the percolation threshold in Li-borates
is in close agreement with the interpretation of the
experimental results of time domain reflectometry in
the same family of glasses.”™

Conclusions

Structural and dynamic properties of xM,O—(1-x)B,O;
glasses, with x=0-2-0-6 for M=Li and x=0-2-0-4 for
M=Cs and at temperatures 300 K and 1250 K, were
revisited in view of recent molecular dynamics simu-
lations. The short range order structure of simulated
glasses was found to consist of B, tetrahedral and
a variety of triangular borate entities, neutral BQ;,
and charged, B&,0™ and BJO,*. The molar fractions
of these units were found to depend on the alkali
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content, the temperature, as well as the nature of the
alkali ion. In particular, the increase of alkali content
causes the depolymerisation of the borate network
with the formation of NBO-containing triangular
units. The temperature increase results in the pro-
gressive transformation of B, tetrahedral moieties
into the less thermodynamically stable B&,0" and
BJO,” units. This effect was explained by invoking
chemical equilibration reactions operating between
the network building units. The nature of the alkali
ion was found to affect the network structure and,
in particular, NBO-containing units are favoured at
the expense of borate tetrahedra with increasing the
alkali size, i.e. from Li to Cs.

Investigation of the microstructure of cation host-
ing sites revealed that long lived distinct sites exist in
ionic borate glasses. These can be formed either by
only bridging oxygen atoms of the network, b-type
sites, or by both nonbridging and bridging oxygen
atoms of triangular borate units, nb-type sites. Ac-
cordingly, metal ions were classified as M* or M™ if
they predominantly reside in sites of b- or nb-type,
respectively. These findings point to the existence of
structural inhomogeneities at the nanoscale size in
ionic borates.

These structural inhomogeneities were found to
be reflected in distinct dynamic responses of metal
ions, as well. In the short time regime, the vibrational
responses of M® and M™ alkalis are well separated,
with those corresponding to M™ jons being situated
athigher frequency values. These findings are in close
agreement with earlier far infrared spectroscopic
results and provide the microscopic explanation of
the ‘two site’ model. In the long-time regime, it was
also seen that the diffusive properties of the two types
of ions are distinct. In particular, ions embedded in
nb-type of sites are characterised by a higher mobility
than those found in b-type sites.

The investigation of the ion transport mechanism
showed that ions perform successive hopping events
that obey a jump diffusion mechanism. Moreover,
metal jons hop preferentially into neighbouring sites
of the same nature. Closer inspection of the spatial
distribution of NBO atoms in the glassy network
revealed the tendency of NBO atoms to aggregate and
form clusters. The calculated cluster size distribution
curves follow the predictions of percolation theory
suggesting that ion conduction in borate glasses is of
percolative nature. These results provide a quantita-
tive description of the modified random network
model in ionic borate glasses.
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